Patients with temporal lobe epilepsy (TLE), the most common form of epilepsy in adults, often display cognitive deficits. The time course and underlying mechanisms of cognitive decline remain unknown during epileptogenesis (the process leading to epilepsy). Using the rat pilocarpine model of TLE, we performed a longitudinal study to assess spatial and nonspatial cognitive performance during epileptogenesis. In parallel, we monitored interictal-like activity (ILA) in the hippocampal CA1 region, as well as theta oscillations, a brain rhythm central to numerous cognitive processes. Here, we report that spatial memory was altered soon after pilocarpine-induced status epilepticus, i.e., already during the seizure-free, latent period. Spatial deficits correlated with a decrease in the power of theta oscillations but not with the frequency of ILA. Spatial deficits persisted when animals had spontaneous seizures (chronic stage) without further modification. In contrast, nonspatial memory performances remained unaffected throughout. We conclude that the reorganization of hippocampal circuitry that immediately follows the initial insult can affect theta oscillation mechanisms, in turn, resulting in deficits in hippocampusdependent memory tasks. These deficits may be dissociated from the process that leads to epilepsy itself but could instead constitute, as ILA, early markers in at-risk patients and/or provide beneficial therapeutic targets.
Introduction
Cognitive deficits remain a major complaint in temporal lobe epilepsy (TLE), the most common form of partial epilepsy in adults (Engel et al., 2007) . The origin of cognitive comorbidity remains widely unknown. Many contributing factors have been proposed (Cornaggia et al., 2006) , including seizures themselves Majak and Pitkanen, 2004; Marques et al., 2007) , the abnormal electrical activities that occur between seizures , antiepileptic drugs (Meador, 2006) , and the reorganization of the underlying neuronal circuitry (Morimoto et al., 2004) . Seizures and the interictal activity (IA) that consistently occurs between seizures could negatively impact upon cognitive function, via saturation of long-term synaptic plasticity and interference with memory consolidation (Lopes da Silva et al., 1986; Kotloski et al., 2002; Majak and Pitkanen, 2004; Holmes and Lenck-Santini, 2006; Meador, 2007; Butler and Zeman, 2008) .
Experimental models of TLE display a seizure-free (latent) period after an initial insult (Herman, 2002; White, 2002; Engel et al., 2007) . The initial insult triggers a chain of network alterations which evolve temporally and spatially during epileptogenesis (Herman, 2002; El-Hassar et al., 2007) . Hippocampal networks are hyperexcitable already during the latent period (El-Hassar et al., 2007) , and EEG displays interictal-like activity (ILA), similar to the IA measured between seizures (Staley et al., 2005; El-Hassar et al., 2007) . Classical tests demonstrate spatial memory deficits already during the latent period (Rice et al., 1998; Hort et al., 1999; Dos Santos et al., 2005) . The first goal of this study was to determine the time course of cognitive deficits during epileptogenesis. We also wished to determine whether nonspatial hippocampal-independent memory was preserved to verify the specificity of cognitive alterations. For that purpose, we used a modification of the "novel object exploration" test (Berlyne, 1950) . When a feature of a previously explored environment is modified, animals display a renewal of exploratory activity selectively directed toward the unfamiliar feature. In this test, previously stored spatial and nonspatial information serves as a reference for novelty detection. Rats with hippocampal lesions display spatial, but not nonspatial, memory deficits (Save et al., 1992a) . This paradigm is thus suitable to dissociate treatments which selectively affect spatial or nonspatial memory.
The second goal of this study was to correlate cognitive alterations with ILA and theta rhythm (4 -12 Hz), which plays a key role in cognitive processes in both humans (Kahana et al., 1999) and rodents (Buzsaki, 2006) . Since decreased and increased theta activity correlate with cognitive deficit and improvement, respectively (Kinney et al., 1999; Nolan et al., 2004; McNaughton et al., 2006) , compromised theta activity during epileptogenesis could be an important contributing factor for cognitive dysfunction.
Using the pilocarpine model of TLE, we report an early and persistent deficit of spatial memory during epileptogenesis, whereas nonspatial memory remained unaffected. Decreased theta activity in the hippocampus correlated with cognitive deterioration, whereas interictal activity did not. We suggest that cognitive alterations may result from a decreased ability to generate adequate theta activity and that both alterations may constitute early markers of epileptogenesis in at-risk patients.
Materials and Methods
Animals. All tests were performed during the light phase of the cycle on 18 adult male Wistar rats (200 -250 g; Charles River).
Electrode implantation. Rats were anesthetized with ketamine (1 mg/ kg)/xylasine (0.5 mg/kg) and placed in a stereotaxic apparatus. One bipolar steel electrode was implanted in the dorsal hippocampus (3.8 mm anteroposterior, 1.5 mm mediolaterally, and 3.0 mm dorsoventral from the bregma). Three stainless-steel cortical electrodes were screwed on the skull (two screws in the right and left frontal cortex, and the reference in the cerebellum).
Treatment. Twenty-five rats received intraperitoneal injections of pilocarpine hydrochloride (310 mg kg Ϫ1 ), 30 min after an intraperitoneal injection of scopolamine injection (1 mg/kg). Status epilepticus (SE) was stopped by diazepam (8 mg/kg) after 40 min. Eight animals displayed stage 5 seizures but did not develop SE (non-SE group). These animals did not become epileptic within 3 months, and their behavioral, cognitive, and EEG activities remained intact. They were included in the control group, which also included two sham-treated rats, which received saline injection instead of pilocarpine. All drugs were obtained from Sigma.
In vivo depth EEG recordings. Recordings were performed before (1 h), during, and after (1 h) the task (Deltamed). The same protocol was performed 4, 7, 10, 25, and 40 d after treatment for each rat. A videosystem (Video Track; View Point) was used to quantify behavior during recording sessions. The first spontaneous seizure occurred between 12 and 16 d after SE. The 4, 7, and 10 d post-SE corresponds to latent period time points. At 25 and 40 d, animals were epileptic (chronic period). It is important to note that EEG monitoring during the induction procedure is critical. We noted that electrographic status epilepticus (continuous electrographic seizure, SE) started as soon as the first overt behavioral manifestation. After diazepam injection, most animals stopped any behavioral manifestation, but in 50% of the cases, electrographic and/or behavioral SE did not stop. We have performed continuous 24/24 h 7/7 d recordings after pilocarpine injection (seven animals). We noted that two animals displayed a strong SE after pilocarpine injection. By strong SE, we mean many stage 5 seizures before the development of SE and a strong behavioral activity during the SE. These animals displayed another seizure within 12 h (usually during the night). No other seizures were observed till the beginning of the chronic period. All animals that experienced SE after pilocarpine injection developed spontaneous seizures, which were electrophysiologically recorded and/or observed behaviorally (n ϭ 19).
Behavioral testing. An open field (80 cm in diameter, 80 cm high) was used, with a yellow cue card affixed on the wall. Lighting was directed to the ceiling to provide a homogeneous dim illumination of the open field. Before the task, the rat was put in the open field for 1 h to allow it to explore, first, the novel environment without any object. Exploration is crucial for spatial learning and considered as a necessary stage for gathering information of the surrounding environment and for building up a spatial representation of this new environment (Thinus-Blanc, 1996) . The rat was then removed and replaced in its home cage during 10 min. The task consisted of three sessions. In the first session, two objects (a cylinder and a parallelepiped) were placed in the open field. The parallelepiped (10 cm of side, 7.0 cm of height) was considered as the reference object. The other object was a cylinder (7.0 cm of diameter and 7.0 cm of height). In the second session, the cylinder was displaced. In the third session, this object was removed and replaced by a triangular prism (7.0 cm of height, 14.0 ϫ 10.0 cm of side). All three objects were made of light gray-colored plastic with a black top, and they were heavy enough to prevent rats from moving them. They could not be distinguished by olfactory cues. Pilot studies (our unpublished data) showed that there were no preferences for either of the objects, or for their location in the open field. Each session consisted in five 2 min trials. Rats were placed in the field in pseudo-randomly determined locations from one session to the other. Between each trial and each session, there were 2 min of rest during which the rat was replaced in its home cage. Exploration of the objects was quantified by the Video Track system, which detects the nose of the animal in 2 cm zones around the objects.
Data analysis. Power spectrum was analyzed using a 512-point fast Fourier transform. For each exploration period, we obtained the absolute power and the median frequency of hippocampal theta rhythm (4 -12 Hz) every 2 s (AMADEUS software). We used 200 ϫ 2 s exploration periods for each rat. The movement artifacts and the periods of ILA discharges were manually removed of the analysis. The hippocampal EEG trace was filtered with a bandpass filter at 4 -12 Hz to obtain the median frequency of theta rhythm each 2 s.
Statistical analysis. Behavioral data were analyzed using the Wilcoxon test, a nonparametric test that compares two paired samples (for the data before treatment, and for comparisons between the exploration of two objects for each group after treatment, for the three sessions), the unpaired Mann-Whitney test (for comparisons between the two groups, after treatment, for the three sessions), and the paired Friedman test (to measure the performances stability for each group all along the six testing days). We also used the Kruskal-Wallis test, a nonparametric test that compares many unpaired samples [for comparisons between the two groups for the first session (S1), all along the five trials]. The absolute power and frequency of theta rhythm was compared between experimental and control rats using a Student's t test for unpaired samples and a one-way ANOVA followed by Bonferroni's post hoc test. Spearman correlation was used to measure the correlation between cognition and theta rhythm power and between cognition and interictal-like activity. Data are expressed as mean Ϯ SEM. The significance level was set at p Ͻ 0.05. Statistical analysis was performed using SPSS software.
Histological experiments. At the end of the electrophysiological experiments, 7-40 d after injections, all the rats were deeply anesthetized with ketamine (1 mg/kg)/xylasine (0.5 mg/kg) and perfused intracardially with a fixative solution containing 4% paraformaldehyde in 0.12 M sodium phosphate buffer (PB), pH 7.4. After perfusion, the brains were postfixed in the same fixative for 1 h at room temperature (RT), rinsed in 0.12 M PB for 1.5 h, immersed in a cryoprotective solution of 20% sucrose in PB overnight at 4°C, quickly frozen on dry ice, and sectioned coronally at 40 m with a cryostat. Every tenth section was stained with cresyl violet to determine the general histological characteristics of the tissue within the rostral-caudal extent of the hippocampal formation including the entorhinal cortex, as well as to verify electrode placement. Its position within the CA1 region of the hippocampus was confirmed in all reported animals (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material).
In addition, to conduct a more detailed quantitative stereological study of neuronal populations within the hippocampus, dentate gyrus, and medial entorhinal cortex, immunohistochemical experiments for the detection of neuronal-specific nuclear protein (NeuN) were performed on sections selected at regular intervals within the rostrocaudal extend of these structures (see below).
Immunohistochemical methods. Free-floating sections were first rinsed for 30 min in 0.02 M potassium PBS (KPBS; 16 mM K 2 HPO 4 , 3.5 mM KH 2 PO 4 , 150 mM NaCl, pH 7.4), incubated for 30 min in 1% hydrogen peroxide to block endogenous peroxidases, and rinsed in KPBS. Sections were then incubated for 1 h at RT in KPBS containing 0.3% Triton X-100 (KPBS-Triton) and 3% normal horse serum (NHS; Vector Laboratories), and overnight at RT in NeuN monoclonal antibody (MAB 377; Millipore Bioscience Research Reagents) diluted 1:4000 in KPBS-Triton containing 1% NHS. After these steps, sections were rinsed for 30 min in KPBS and incubated for 1 h at RT in biotinylated horse anti-mouse IgG (Vector Laboratories) diluted 1:200 in KPBS containing 3% NHS. Sections were then rinsed in KPBS, incubated for 1 h at RT with an avidinbiotin-peroxidase complex solution prepared according to the manufacturer's recommendations (Vector Laboratories). After several rinses in KPBS, sections from control and pilocarpinetreated animals were processed for the same time (10 min) in 0.04% 3-3-diaminobenzidine-HCl and 0.006% hydrogen peroxide diluted in KPBS. The sections were then rinsed in KPBS, mounted on gelatin-coated slides, dried, dehydrated, and coverslipped with permount (Fisher Scientific; Electron Microscopy Sciences).
Quantitative analysis. In this study, we estimated the total numbers of NeuN-labeled neurons in the CA1 and CA3 pyramidal cell layers, as well as in layers I-II, III, and V-VI of the medial entorhinal cortex, in one cerebral hemisphere of control and pilocarpine-treated animals, by using the optical fractionator method (West et al., 1991; West, 1999) . These analyses were performed with a computer-assisted system using the Stereo Investigator software (MicroBrightField Bioscience). The computerassisted system included a PC connected to a color video camera (CX 9000; MicroBrightField Bioscience) connected to a Nikon microscope (E90I; Nikon). The neurons were counted with a 60ϫ objective. For the hippocampus, starting from a random position, the number of sections analyzed was 12 and 6 for the entorhinal cortex. In each section, the CA1 and CA3 pyramidal cell layers were delineated as described in previous stereological studies (West et al., 1991; Dinocourt et al., 2003) . The borders of the medial entorhinal cortex were identified according to Mulders et al. (1997) and Paxinos and Watson (2005) . Neurons were counted within a probe volume defined by the counting frame and the dissector height. The dissector height (20 m) used in this study is the real thickness of sections (24 m) minus 2 m on each side of the section to exclude the regions showing irregularities because of cut processes. The real thickness of sections (24 m) resulted from shrinkage of the sections (40 m thick) after histological treatment. The size of the counting frame was 50 ϫ 50 m and of the counting grid was 400 ϫ 400 m, for the CA1 and CA3 pyramidal cell layers. The size of the counting frame was 50 ϫ 50 m and of the counting grid was 300 ϫ 300 m for the different layers of the medial entorhinal cortex. Only neurons within the counting frame or overlapping the right or superior border of the counting frame, and which came into focus while focusing down through the dissector height, were counted. The average number of neurons counted per layer in each animal is indicated in supplemental Table S6 , available at www.jneurosci.org as supplemental material. The precision of each estimate was controlled by measuring the coefficient of error (CE), which is the mean of the coefficients of error of the individual estimates (West et al., 1991; West, 1999) . The CE was 10% or less for each estimated number of labeled neurons, and the mean CE is indicated in supplemental Table S6 , available at www.jneurosci.org as supplemental material. The total numbers of neurons labeled per layer and per cerebral hemisphere for each animal were estimated by the software. The total number of neurons in all layers of the medial entorhinal cortex was obtained by summing the number of cells in layers I-II, III, and V-VI for each animal. The average estimated total number of labeled neurons ϮSEM was calculated for each group of control and pilocarpine-treated rats (supplemental Table S6 , available at www.jneurosci.org as supplemental material). The data were analyzed statistically with a mixed-model ANOVA and Student's t test to determine significant differences in the number of neurons per layer between groups (control and pilocarpine-treated rats). The extent of neuron loss in pilocarpine-treated rats was calculated with the following formula: [100 Ϫ (100 ϫ average estimated number of neurons in pilocarpine-treated rats/average estimated number of neurons in control rats)]%.
Results

Spatial memory impairment during epileptogenesis
The reaction-to-a-change task (Fig. 1 ) was performed to assess cognitive abilities for hippocampus-dependent spatial and hippocampus-independent nonspatial memories (ThinusBlanc, 1996), 7 d before injection (D7). Each animal thus served as its own control in this longitudinal study. Rats (n ϭ 18) were initially placed in an open field containing two different objects and were allowed to explore (S1). Exploration quickly diminished across the five trials ( Fig. 1) ( p Ͻ 0.0001), as animals habituated to the objects. After habituation, one object was displaced (second session, S2), leading to increased exploration of the displaced object (Fig. 1) , as compared with the exploration of this object during the last trial of S1 [trial 1 (T1)S2: mean duration of displaced object exploration: 8.5 Ϯ 2.6 s, p Ͻ 0.05 vs T5S1: 1.0 Ϯ 0.6 s) and to the exploration of the reference object ( Fig. 1 ) (T1S2 of reference object: 2.2 Ϯ 0.9 s, p Ͻ 0.05), which remained at the same level as at the end of session S1. After the fifth trial of the S2 session, one object was changed (third session, S3). There was a trend toward increased exploration of the new object compared with the exploration of the displaced object in the last trial of S2 (T5S2), but it failed to reach significance (T1S3: mean duration of new object exploration: 5.3 Ϯ 2.4 s, p ϭ 0.225 vs T5S2) ( Fig. 1) because of the reaction to the spatial change persisted across the five trials of the S2 session. However, there remained a preference for novelty, since the time spent exploring, in T1S3, the new object was greater than the time spent exploring the familiar object (new object, 5.2 Ϯ 2.4 s; familiar object, 0.5 Ϯ 0.3; p Ͻ 0.05).
After 1 week rest (D0), animals received either saline (n ϭ 2) or pilocarpine (n ϭ 16). Animals that did not exhibit pilocarpineinduced SE but did show evidence of generalized (stage 5) seizures after treatment (n ϭ 4) were included in the control group. Cognitive performance was then evaluated 4, 7, 10, 25, and 40 d after the injection (D4, D7, D10, D25, and D40). Experimental animals that exhibited SE (n ϭ 12) did not show any habituation of exploratory activity between the first trial (T1S1) and the fifth trial (T5S1) of S1. This result was found as early as D4 and persisted without further modification during epileptogenesis (Fig.  2 A; supplemental Table S1 , available at www.jneurosci.org as supplemental material) ( p ϭ 0.250). The control group still displayed habituation between T1S1 and T5S1 at D4, D7, and D25. During the S1 session, animals explore the two new objects (5 trials of 2 min each). One object is moved to a different quadrant, and animals are allowed to explore (S2 session, 5 trials of 2 min each). One object is then replaced (S3 session, 5 trials of 2 min each). Bottom, Mean duration (sec.) spent exploring the familiar object (black squares) and the other object (red circles) during session 1 (left histogram), session 2 (central histogram), and session 3 (right histogram). There was a significant habituation for both objects between the first (T1S1) and the last (T5S1) trial ( p Ͻ 0.0001; n ϭ 18). Object displacement led to renewed exploration, as compared with the time spent exploring the object in the last trial of S1 (T5S1; T1S2/T5S1: p ϭ 0.009, n ϭ 18). Object replacement led to renewed exploration, but it did not reach significance during T1S3 (T5S2/T1S3: p ϭ 0. 225, n ϭ 18), because the animals were still displaying increased interest in the displaced object during T5S2. However, the exploration time of the familiar object was significantly smaller than the time spent exploring the new object, showing that animals had detected the novelty ( p ϭ 0.049; n ϭ 18). Data are expressed as means Ϯ SEM and *p Ͻ 0.05.
However, at D10 and D40, there was instead a significant decrease of exploration between T3S1 and T5S1 for control animals, caused by a delayed reaction to the objects (n ϭ 6) (Fig. 2 A; supplemental Table S1 , available at www.jneurosci.org as supplemental material) ( p Ͻ 0.05). Experimental animals did not show any preference for the displaced object in S2, already at D4, indicating a deficit of spatial memory. In contrast, the control group showed the normal increased exploration of the displaced object (Fig. 2 B; supplemental Table S2 , available at www.jneurosci.org as supplemental material) (control/experimental, p Ͻ 0.0001 at D4). The deficit of spatial memory persisted at all later time points in the experimental group (Fig. 2 B; supplemental Table S2 , available at www. jneurosci.org as supplemental material) ( p Ͻ 0.05), except at D40, where a trend was found between the two groups ( p ϭ 0.06). Spatial memory performance remained stable in the control group (Fig. 2 B; supplemental Table S2 , available at www. jneurosci.org as supplemental material). The deficit in the reaction to the spatial change in experimental animals was not attributable to a simple deficit in motor or exploratory activities, since animals did explore objects (supplemental Table S1 , supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). There is, however, a tendency for experimental rats to explore less than the control group; this tendency becoming significant only at D25 and D40 (Fig. 2 A; supplemental Table S1 , available at www.jneurosci.org as supplemental material) ( p Ͻ 0.05).
In contrast to the spatial memory task, experimental animals displayed an interest for the nonspatial change ( p Ͻ 0.05 at D4, D7, and D25) (Fig. 2C) , which was indistinguishable from the control group at all time points ( Fig. 2C ; supplemental Table S3 , available at www.jneurosci.org as supplemental material) ( p ϭ 0.399). This suggests that hippocampus-independent nonspatial memory is not affected in experimental TLE.
To ascertain that the relatively low level of object exploration of the experimental animals was not attributable to anxiety (i.e., to a preference for the periphery of the open field), the pathways of the animals recorded by the Videotrack system were visually inspected. None of the experimental animals moved exclusively around the borders of the field; instead, they crossed the center of the field several times (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material). If some anxiety-related behavior cannot be excluded on the basis of the lower level of exploration, the fact that the experimental rats did react to the nonspatial change allows us to discard the possibility that their lack of reaction to the spatial change was exclusively related to anxiety.
To rule out the possibility that our initial group assignment procedure could have biased our results, we retrospectively examined the initial cognitive performance of both the experimental and control groups. There was no statistical difference for habituation or reaction-to-a-change between both groups (S2, p ϭ 0.573; S3, p ϭ 0.759). Therefore, the initial cognitive performances were similar for all animals before treatment.
Finally, there was no statistical difference for the cognitive performances of the two groups across the six testing days after saline or pilocarpine treatment: cognitive processing of both spatial and nonspatial tasks was stable in the control group (S2, p ϭ 0.282; S3, p ϭ 0.491), and nonspatial performance was not affected during epileptogenesis in experimental animals ( p ϭ 0.896). Moreover, the repetition of the task at the different testing days did not affect a global level decrease of exploratory activity (Fig. 2 A, B) . Early and persistent deficit in spatial memory task in experimental TLE. A, Ratio of the time spent exploring both objects during T5S1 versus the time spent exploring both objects during T1S1, during the latent and chronic periods. A ratio Ͻ100% indicates less exploration, i.e., habituation. Experimental animals (n ϭ 12) did not present any habituation of exploration of the two objects, between the first and the fifth trial for all testing days after SE (D4, D7, D25, and D40; p Ͼ 0.05) compared with the control group (n ϭ 6), except at D10 and D40, where there was instead a significant decrease of exploration between T3S1 and T5S1 for the control group, caused by a delayed reaction to the objects. There was no significant effect ( p Ͼ 0.05) all along the five testing days, for both groups. B, Difference between the time (s) spent exploring the displaced object in T1S2 and the time (s) spent exploring the same object in T5S1 (T1S2-T5S1)4,7,10,25,and40dafterinjection.Positivevaluesindicaterenewedexploration,hence spatial memory function (control/experimental, *p Ͻ 0.05). Experimental animals (n ϭ 12) did not present any significant interest for the spatial change as compared with controls animals (n ϭ 6; experimental/control,pϽ0.05).Therewasnosignificanteffect( pϾ0.05)allalongthefivetesting days, for both groups. C, Difference between the time (s) spent exploring the new object in T1S3 and the time (s) spent exploring the former object in T5S2 (T1S3-T5S2) 4, 7, 10, 25, and 40 d after injection. Positive values indicate renewed exploration, hence nonspatial memory function (*p Ͻ 0.05).
Experimental (nϭ12)andcontrol (nϭ6) These findings indicate that the deficit of spatial processing is an early and persistent phenomenon in experimental animals and that nonspatial processing is not affected for the cognitive tasks considered here.
Lack of correlation between cognitive deficits and interictal activity
Extracellular field recordings revealed that ILA appeared in bursts in the hippocampus 7 d after SE in all animals, except for one rat, which displayed ILA at D4. Spatial cognitive deficits did not correlate with the mean frequency (number of spike-andwaves per minute, in 1 h) of ILA measured before the task at D7, D10, and D25 (Fig. 3) (Spearman correlation; p ϭ 0.9).
Cognitive deficits correlate to decreased theta activity during epileptogenesis Experimental animals displayed decreased absolute power and median frequency of theta rhythm at all time points when compared with the control group during exploratory activity in the open field, 1 h before and after the task (Fig. 4 A-C; supplemental Table S4 , available at www.jneurosci.org as supplemental material) ( p Ͻ 0.0001 for both power and frequency). During the task, the absolute power of theta rhythm was also decreased in experimental animals at all time points (Fig. 4 D) in S1 (habituation of exploratory activity; p Ͻ 0.0001) and S2 (spatial change; p Ͻ 0.0001). In contrast to exploration in the open field in the absence of objects, theta frequency was variable during the S1, S2, and S3 tasks between rats in both sham and experimental groups, precluding direct comparisons.
Spearman correlation between the mean duration of objectdisplaced exploration and the absolute theta power during T1S2 at all time points revealed a significant positive correlation between the decrease in theta power and the cognitive deficits in experimental animals (Fig. 4 E) (r ϭ 0.5; p ϭ 0.00002). In contrast, there was no correlation between the mean duration of new object exploration and the absolute theta power during T1S3 (data not shown; p ϭ 0.263).
Global EEG power spectrum (0 -100 Hz) as well as gamma rhythm (40 -80 Hz) measured before and after the task remained stable in both experimental and control groups at all time points (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). The decrease of theta power in experimental rats thus appears to be particular to this bandwidth.
Since speed of movement affects theta power (Maurer et al., 2005) , we evaluated this parameter in sham and experimental animals. There was no speed difference between the experimental and the control groups (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material), suggesting that theta decrease is not attributable to a loss of activity of experimental rats, or to a general sick state of the animal (see also supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Pattern of cell loss in experimental animals
Decreased theta power in experimental animals could result from a lesion attributable to the recording electrode and/or excitotoxic damage induced by SE. Histological analysis revealed a lack of marked damage caused by the recording electrode (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material) and of a major cell loss in this model. The pattern of neuronal damage observed in the hippocampus and dentate gyrus in pilocarpine-treated animals after a 40-min-long SE was very similar to that described previously in pilocarpine-treated animals after 2-3-h-long SE (Obenaus et al., 1993; Esclapez et al., 1999; Dinocourt et al., 2003; Boulland et al., 2007) . It included a cell loss restricted to the hilus of the dentate gyrus and stratum oriens of CA1 that contrasts with a good preservation of neurons in all other layers of the hippocampus and dentate gyrus including the CA1-CA3 pyramidal cells and dentate granule cell layers (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). No obvious cell loss was observed in the medial entorhinal cortex (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material), in contrast to the previously reported major cell loss described in animals that experienced longer-lasting SE (Clifford et al., 1987; Du et al., 1995; Kumar and Buckmaster, 2006) .
Because, in the pilocarpine model, partial sclerosis was described in the hippocampal pyramidal cell layers (Liu et al., 1994) as well as in layers II and III of the medial entorhinal cortex (Du et al., 1995; Kumar and Buckmaster, 2006) , we conducted a quantitative stereological analysis of the total number of neurons in these regions to estimate eventual subtle cell loss. This analysis revealed a slight neuronal loss in all CA1-CA3 pyramidal cell layers of pilocarpine-treated rats compared with control animals. In CA1, the estimated total number of neurons was reduced by 10% as compared with control [pilocarpine (pilo), 303360 Ϯ 7039; control, 337920 Ϯ 3866; p Ͻ 0.01], whereas in CA3 the estimated total number of neurons was reduced by 13% (pilo, 207360 Ϯ 4796; control, 238080 Ϯ 3104; p Ͻ 0.005) (supplemental Table S5 , available at www.jneurosci.org as supplemental material; Fig. 5A ). In the medial entorhinal cortex, the quantitative Figure 3 . Lack of correlation between ILA and spatial deficit in experimental animals (n ϭ 25). Top, Typical burst of ILA lasting 3 min recorded at D10 during rest. Note that the pattern evolves from large amplitude and slow to shorter amplitude and faster spike and waves. Bottom, There was no correlation between ILA frequency and spatial cognitive deficit measured as the T1S2-T5S1 difference (r ϭ 0.015; p ϭ 0.913).
analysis showed a slight cell loss in all layers. However, the cell loss was a little more pronounced in layers I-II (8%; pilo, 80784 Ϯ.1087; control, 88128 Ϯ 1517; p Ͻ 0.05) than in layer III (4%; pilo, 114048 Ϯ 1746; control, 119232 Ϯ 1389; p Ͻ 0.05) and layers V-VI (3.6%; pilo, 186624 Ϯ 2604; control, 193536 Ϯ 1087; p Ͻ 0.05) (supplemental Table S5 , available at www.jneurosci.org as supplemental material; Fig. 5B ).
Discussion
Using a longitudinal study, we have demonstrated that experimental animals exhibit spatial memory deficits soon after the initial insult and that this deficit persists without further modification during epileptogenesis. In contrast, nonspatial memory does not seem affected. Our results reveal that the spatial memory deficit correlates with a decrease of the absolute theta power but less directly to ILA.
Behavioral assessment
The reaction-to-a-change paradigm used here allows us to test whether the animal has correctly encoded the spatial relationships between objects and their intrinsic (nonspatial) properties (Poucet et al., 1986) . In both tests (object displacement and replacement), a comparison between the memory of the initial situation and the modified one is necessary. Hippocampal place cell disruption (Liu et al., 2003; Zhou et al., 2007; Lenck-Santini and Holmes, 2008) , which would prevent adequate orientation of the animal in its environment, may negatively impact on spatial memory performance. Trace reactivation induces memory consolidation during immobility states or sleep (Chrobak and Buzsaki, 1994) , a process which likely occurs in our behavioral paradigm during the 2 min of inter-trial rest. Spontaneous trace reactivation of the previous trial exploration may have not occurred in experimental animals. The deficit of habituation, which follows the same temporal profile, could be linked to similar functional alterations.
General hippocampal damage disrupts the reaction to a spatial change, leaving intact those to a new object (Morris, 1981; Aggleton et al., 1986; Save et al., 1992b) . The spatial deficits found in epileptic animals (Rice et al., 1998; Hort et al., 1999; Dos Santos et al., 2005) could stem from cell loss and the reorganization of the underlying hippocampal structures (Morimoto et al., 2004; Engel et al., 2007) , including inflammatory processes (Gobbo and O'Mara, 2004) . The lack of reaction to a spatial change was not attributable to a nonspecific hypo-activity or to a general sick state in experimental animals, since interest to novelty was preserved. Our results extend previous data obtained in classical tasks such as the Morris Water Maze (Rice et al., 1998; Hort et al., 1999; Liu et al., 2003; Dos Santos et al., 2005) , as the reaction-to-a-change task allows assessing both hippocampus-dependent spatial memory and nonhippocampus-dependent nonspatial memory in two consecutive tests.
The reorganization of hippocampal structures is an early phenomenon, starting soon after the initial SE, and continuing during epileptogenesis and the chronic period (Morimoto et al., 2004; El-Hassar et al., 2007) . Cognitive deficits also appeared early after the initial insult and were not further modified during epileptogenesis. Network modifications that occur at later stages may be more relevant to the process of epileptogenesis and the formation of stable epileptogenic networks. Extra-limbic structures appear to sustain less damage (Morimoto et al., 2004) , which may explain why nonspatial memory is not affected. Since we have only used a reaction to novelty paradigm, we cannot rule out that other nonspatial memories could be affected.
Effect of ILA on cognitive processes
In humans, cognitive activity can impact on ILA in a complex manner, as task difficulty influences epileptiform discharges (Kasteleijn-Nolst Trenité and Vermeiren, 2005). In the current Figure 4 . The amount of loss of theta activity positively correlates to spatial cognitive deficits in experimental animals (n ϭ 12). A, Examples of theta activity recorded during exploration in a control and in an experimental animal at D7. Note the decrease in amplitude and frequency in the experimental animal. B, C, Evolution of hippocampal theta (4 -12 Hz) absolute power (B) and mean frequency (C) after SE in control (n ϭ 6) and experimental animals, during exploratory behavior (*p Ͻ 0.0001). Note the stability of the recordings in controls and the early and significant (*p Ͻ 0.0001) decrease in theta power and frequency in experimental animals. D, Theta power is also decreased as soon as D4 during sessions 1 and 2 in experimental animals (*p Ͻ 0.0001). E, Spearman correlation between theta (4 -12 Hz) absolute power during T1S2 and spatial memory performance evaluated as the difference of the time (s) spent exploring the displaced object during T1S2 and T5S1. Theta power correlates with spatial memory (r ϭ 0.5; p ϭ 0.00002; experimental, n ϭ 25; control, n ϭ 8). Data are expressed as means Ϯ SEM. study, however, there was no relationship between ILA and the memory tasks themselves, as all possible combinations were found (ILA at rest, which persisted during the task; ILA at rest, which stopped during the task; no ILA at rest, which started during the task) (supplemental Table S6 , available at www. jneurosci.org as supplemental material). Thus, we found no correlation between spatial cognitive deficits and ILA measured before the task. However, we cannot rule out more complex correlations, such as the presence of ILA in structures connected to the CA1 region and not recorded here. Alternatively, ILA could have a negative impact when occurring during critical periods, e.g., trace reactivation (Chrobak and Buzsaki, 1994; Csicsvari et al., 2007) or place cell replay (Foster and Wilson, 2006; Molter et al., 2007) . In epileptic patients, IA, unlike seizures, has no direct effect on cognition (Aldenkamp et al., 2001 ). However, IA has a small impact during "mechanistic" cognitive processes, such as attention or mental speed tasks .
Theta rhythm
Theta rhythm (4 -12 Hz) is involved in many cognitive processes and, in particular, in spatial learning and memory (Hasselmo et al., 2002; Buzsaki, 2006) . A loss of hippocampal theta rhythm results in spatial memory impairment in rats (Winson, 1978) . Here, we found proportionality between cognitive performance for hippocampus-dependent tasks and theta power in the hippocampus. The largest amplitude theta in the hippocampus is observed in CA1 stratum lacunosum moleculare, where afferents from layer three entorhinal cortex synapse on pyramidal cell distal dendrites (Buzsaki, 2006) . Although our recording electrodes were located close to stratum lacunosum moleculare (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material), their size did not allow the specific measurement of entorhinal cortex-driven theta. The recorded field rather reflects a global mean theta field in the CA1 region. Additional studies with multisite linear probes are necessary to determine the spatiotemporal evolution of theta dipoles during epileptogenesis.
Theta rhythm was significantly decreased in both power and frequency during exploratory behaviors in the open field, before and after the task. During the task, theta power was also decreased, but changes in theta median frequency could not be accurately measured because of a large variability between rats. Theta rhythm impairment may have also disturbed memory encoding and retrieval (Yamaguchi et al., 2004; Buzsaki, 2006) . In addition to decreased theta power and frequency, a lack of coordination between theta generators/controllers may affect cognitive performance. In humans, unsuccessful memory formation during encoding is associated with a general decrease of rhinalhippocampal coherence and decreased theta oscillations (Fell et al., 2001 (Fell et al., , 2006 . It will be important to determine whether synchrony is modified in different limbic structures. Alterations in theta oscillations followed the same temporal profile as spatial memory performance, further supporting the covariance of the two phenomena, with the reorganization of the underlying circuitry as a potential general mechanism. The loss of some entorhinal cortex neurons (Du et al., 1995; Kumar and Buckmaster, 2006) , septal GABAergic cells (Garrido Sanabria et al., 2006) , CA1 oriens-lacunosum moleculare GABAergic interneurons (Cossart et al., 2001; Dinocourt et al., 2003; Dugladze et al., 2007) , altered theta amplification mechanisms (Marcelin et al., 2009) , as well as inflammatory processes (Gobbo and O'Mara, 2004) , early during epileptogenesis may play a direct role in theta impairment, since these cell types are strongly involved in theta generation/control.
Validity of the model
Pilocarpine injection triggers an SE, followed by a seizure-free latent period, before the occurrence of spontaneous recurrent seizures. The analysis of temporal pole networks reveals considerable modifications, which evolve in time, eventually leading to hippocampal sclerosis (Morimoto et al., 2004; El-Hassar et al., 2007) . A similar remodeling has been found in patients with TLE (Du et al., 1993; Plate et al., 1993; Mathern et al., 1996) . The alterations in spatial memory and theta rhythm we describe may be a direct consequence of the initial injury resulting from the status epilepticus (cell loss, transcriptional, translational, and post-translational modification, etc.). The extent of the reorganization soon after SE may explain why cognitive function and theta oscillations are not further altered when animals have spontaneous seizures. In contrast, in the kindling model of TLE where there is no SE, the cognitive decline parallels the number of seizures (Kotloski et al., 2002) . This suggests that the time course of cognitive and theta dysfunctions depend upon the initial condition leading to epilepsy. Whether the results we describe are relevant to post-SE modifications and/or epileptogenesis in human remains an open question. However, they provide working hypotheses that can be tested in at-risk patients.
Conclusion
Cognitive functions and pathological neural activities (ILA and seizures) share the same underlying circuitry. This circuitry is considerably remodeled after SE, many parameters undergoing modification with specific temporal profiles. Some of these alterations may contribute to both cognitive deficits and pathological activities, whereas others may be specific. Network remodeling occurs on a very fast time scale after SE, leading to rapid disruption of theta activity and spatial memory impairment. These modifications, together with the occurrence of ILA, may constitute early markers of epilepsy. It remains to be determined whether theta activity and spatial memory deficits are dissociated from epileptogenesis per se, i.e., whether they are a direct consequence of network remodeling. Interestingly, memory deficits and morpho-functional reorganization of the hippocampus occur in other neurological pathologies, e.g., Huntington's disease (Kohl et al., 2007 ) and Alzheimer's disease . The alterations we describe may bear a more general value, outside the epilepsy field.
